ABSTRACT Whether a required Salmonella test series is passed or failed depends not only on the presence of the bacteria but also on the methods for taking samples, the methods for culturing samples, and the statistics associated with the sampling plan. The passfail probabilities of the 2-class attribute sampling plans used for testing chilled chicken carcasses in the United States and Europe were compared by calculation and simulation. Testing in the United States uses wholecarcass rinses (WCR), with a maximum number of 12 positives out of 51 carcasses in a test set. Those numbers were chosen so that a plant operating with a Salmonella prevalence of 20%, the national baseline result for broiler chicken carcasses, has an approximately 80% probability of passing a test set. The European Union requires taking neck skin samples of approximately 8.3 g each from 150 carcasses, with the neck skins cultured in pools of 3 and with 7 positives as the maximum passing score for a test set of 50 composite samples.
For each of these sampling plans, binomial probabilities were calculated and 100,000 complete sampling sets were simulated using a random number generator in a spreadsheet. Calculations indicated that a 20% positive rate in WCR samples was approximately equivalent to an 11.42% positive rate in composite neck skin samples or a 3.96% positive rate in individual neck skin samples within a pool of 3. With 20% as the prevalence rate, 79.3% of the simulated WCR sets passed with 12 or fewer positive carcasses per set, very near the expected 80% rate. Under simulated European conditions, a Salmonella prevalence of 3.96% in individual neck skin samples yielded a passing rate of 79.1%. The 2 sampling plans thus have roughly equivalent outcomes if WCR samples have a Salmonella-positive rate of 20% and individual neck skin samples have a positive rate of 3.96%. Sampling and culturing methods must also be considered in comparing the different standards for Salmonella.
INTRODUCTION
Two commonly used methods of testing chilled poultry carcasses for Salmonella prevalence are wholecarcass rinsing (WCR) and neck skin excision. Both methods originated from scientific research but have been incorporated into national and international microbiological standards for regulatory purposes. In the United States, the Pathogen Reduction/Hazard Analysis and Critical Control Point (PR/HACCP) Final Rule requires that chilled chicken carcasses be sampled by WCR using 400 mL of buffered peptone water, from which a 30-mL aliquot is cultured (USDA/FSIS, 1996b). The European Union requires that 15 neck skin samples are taken per day, cultured in 5 pools of 3 totaling 25 g per pool on each of 10 d of sampling (European Commission, 2005) . Required laboratory methods for the WCR are published in the Microbiology Laboratory Guidebook (USDA/FSIS, 2009) and may differ substantially from the laboratory methods outlined in ISO 6579 as specified for neck skin samples (European Commission, 2005) .
For regulatory use, pass-fail standards for both WCR and neck skin methods are specified by 2-class attribute sampling plans, with maximum number of positive samples (c) and total number of samples in the test set (n) defined differently. For WCR sampling, c = 12 and n = 51 (USDA/FSIS, 1996b) and the corresponding standards for neck skin are c = 7 and n = 50 (European Commission, 2005) . Two geographical areas of the world with a large influence on world trade in poultry thus have different methods for sampling, culturing, and determining the pass-fail status of carcasses tested for the presence of Salmonella.
The Agreement on Application of Sanitary and Phytosanitary Measures of the World Trade Organization requires that members accept the sanitary measures of other members as equivalent if the exporting member demonstrates objectively that its measures achieve the importing member's level of sanitary protection (WTO, 1994 ). An objective demonstration of equivalence may be difficult to achieve given substantial differences in regulatory testing requirements in different parts of the world. The purpose of the current work was to compare the pass-fail probabilities of the United States and European Union 2-class attribute sampling plans for Salmonella on chilled chicken carcasses using direct calculation and computer simulation, without reference to any differences in sampling and culturing methods.
MATERIALS AND METHODS
Two-class attribute sampling plans are characterized by the maximum number of samples that can be positive without a failure (c) and a specified number of samples to be taken in a test series (n). The probability of passing such a test series can be calculated with the binomial formula
where x = a number from 0 to c; p = the probability of a positive result; and q = (1 − p) = the probability of a negative result. The values of c (12) and n (51) established by the PR/HACCP Final Rule (USDA/FSIS, 1996b) for chicken WCR were chosen so that a processing plant that operates at a Salmonella-positive rate of 20%, as found in the broiler chicken baseline (USDA/ FSIS, 1996a), has an approximately 80% probability of passing a completed test series.
Calculation of WCR and Neck Skin Test Outcomes
In Microsoft Excel 2003 (Microsoft Corp., Redmond, WA), the binomial formula can be evaluated with the BINOMDIST function. For example, BINOMDIST(c, n, p, true) = 0.793 when c = 12, n = 51, and p = 0.20 (the true argument sums the partial probabilities for positive samples from 0 to c). The 0.793 result indicates that a plant operating the baseline probability will pass approximately 80% of the time, as stipulated by the Food Safety and Inspection Service for WCR sampling. To find the equivalent probability of positive neck skin pools, the value of p in BINOMDIST(7, 50, p, true) was evaluated by substitution until a passing probability of 0.793 was obtained with a Salmonella-positive rate of 0.1142 in pooled samples. The probability of a positive pooled sample is made up of the combined probabilities of 3 independent samples with equal likelihood of being positive:
, so the probability of a positive individual sample was calculated as
That calculation gave a Salmonella-positive rate of 0.0396 in individual neck skin samples within the pools. Microsoft Excel 2003 was also used to model the pass-fail outcomes of sets of samples based on pseudorandom numbers generated by the program. The WCR sheet calculated 1,000 sets of 51 samples with a random number between 0 and 1 generated for each cell within the array. Within each set of 51 simulated tests, random numbers less than 0.2 were counted as a positive test. Sets of 51 tests with more than 12 positives were counted as failed sets. Failed sets were tabulated and the spreadsheet was recalculated until 100,000 sets had been simulated.
A separate neck skin sheet simulated 500 sets of 50 samples, with a random number between 0 and 1 generated for each cell within the array. Within each set of 50 simulated tests, random numbers less than various test values were counted as a positive test. Sets of 50 tests with more than 7 positive pools were counted as failed sets. Failed sets were tabulated and the spreadsheet was recalculated until 100,000 sets had been simulated. The purpose of the calculation and simulation was to find a positive rate for pooled neck skin samples within the required test set so that a processing plant operating at that Salmonella prevalence rate would have an 80% probability of passing and thus be equivalent in other test systems with a similar probability of passing. A second neck skin sheet calculated 500 sets of 50 pooled samples with 3 test cells per pool, with a random number between 0 and 1 generated for each cell within the array. As described above, failed tests and sets were tabulated and the spreadsheet was recalculated until 100,000 sets had been simulated. The purpose of the simulation was to find a positive rate for individual neck skin samples so that a processing plant operating at that Salmonella prevalence rate would have an 80% probability of passing.
Validation of the Calculations
To determine whether the spreadsheet model was producing a correct calculation of the binomial formula and the simulated probabilities of the WCR and neck skin test results, calculations and simulations were done to test Salmonella performance standards, baseline guidance results, or proposed rules that have been announced for different product classes in the United States (USDA/FSIS, 1996b , 1998 , 2006 . The published c and n standards for steers/heifers, cows/bulls, hogs, ground beef, ground turkey, ground chicken, pork sausage, turkey sponge, and goose sponge testing were calculated using the BINOMDIST function and were also incorporated into spreadsheets for simulations using the baseline Salmonella prevalence for each product class. As described previously, failed sets were tabulated and each spreadsheet was recalculated until 100,000 sets had been simulated for each product class.
RESULTS AND DISCUSSION

Validation
Results of the calculated and simulated test results for 9 different product classes are shown in Table 1 . All calculated and simulated test series for the various products had passing rates of approximately 80%, as expected. The maximum difference between binomial calculations and simulations was 0.2%, possibly caused by accumulated rounding errors in the simulations, with no consistent bias in the direction of the difference. The results in Table 1 indicate that the binomial calculations and the random number-based simulations were obtaining values in the expected range.
Comparison of WCR and Neck Skin
Results of the comparison between WCR and neck skin sampling of chickens are shown in Table 2 . Using the c and n values established under the PR/HACCP Final Rule for WCR sampling of chilled broiler chicken carcasses and the baseline prevalence, a 79.3% passing rate resulted from the binomial calculation mentioned previously and also from simulation of 100,000 test sets. Using the c and n values specified by the European Commission and the previously calculated 0.1142 rate of Salmonella-positive pooled neck skin samples, simulation of 100,000 test sets indicated a passing rate of 79.5%, only 0.2% different from the calculated rate.
Finally, a simulation of 100,000 test sets using the previously calculated 0.0396 rate of Salmonella-positive individual neck skin samples within the pools gave a 79.1% passing rate, again within 0.2% of the calculated rate for WCR. If all other factors are equal, a condition not likely to be true, Salmonella prevalence in individual neck skin samples in pools of 3 (c = 7, n = 50) will have to be approximately 3.96% to have roughly the same probability of passing as WCR (c = 12, n = 51) with a prevalence of 20%. 
